Light polarization independent nuclear spin alignment in a quantum dot 
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We report optical pumping of neutral quantum dots leading to nuclear spin alignment with direc- 
tion insensitive to polarization and wavelength of light. Measurements of photoluminescence of both 
"dark" and "bright" excitons in single dots reveal that nuclear spin pumping occurs via a virtual 
spin-flip transition between these states accompanied by photon emission. The sign of the nuclear 
spin polarization is determined by asymmetry in the exciton energy spectrum, rather than by the 
sign of the exciton spin polarization. 



Control and understanding of the nuelear spin environ- 
ment in nano-structures is of great importance in achiev- 
ing robust coherence of spin-based qubits in the solid 
state. Recently, optical pumping of nuclear spins in quan- 
tum dots (QDs) has been demonstrated [l|-|8|. Dynamic 
nuclear polarization (DNP) due to the electron-nuclear 
hyperfine interaction (HI) occurs when non-equilibrium 
populations of electron spin states are created using res- 
onant or quasi-resonant circularly polarized light of high 
intensity. Under such conditions, a direct correspondence 
between the sign of circular polarization of the exciting 
light and the direction of the nuclear spin alignment is ob- 
served [l45l|9|. By contrast, suppression of the electron 
spin alignment under above barrier non-resonant excita- 
tion results in negligible nuclear spin polarization in a 
dot. 

Here we report measurements on individual neutral 
InP/GalnP quantum dots, which shed new light on the 
mechanisms of DNP in semiconductor nano-structures. 
They reveal previously unobserved phenomena: at low 
pumping levels, independent of light polarization and 
wavelength, optical pumping induces an effective nuclear 
field, which is always parallel to the external field ap- 
plied along the growth axis of the structure. We show 
that at low power DNP in a neutral dot occurs via the 
second order recombination of " dark" excitons accompa- 
nied by electron-nuclear spin flip-flop. This is revealed 
in photoluminescence (PL) measurements where opti- 
cally inactive "dark" excitons are observed due to weak 
mixing with the "bright" states. Asymmetry in the en- 
ergy splitting of the excitonic energy levels induced by 
electron-hole exchange interaction leads to a strong dif- 
ference of DNP rates induced by "dark" excitons with 
opposite spins [10|. As a result, the direction of nuclear 
polarization is independent of the average electron spin 
polarization on the dot. It is instead controlled by the 
direction of the external magnetic field experienced by 
the exciton. 

By contrast in the regime of higher powers, where the 
exciton states of the dot are saturated, we find a direct 
correspondence between the helicity of light and the di- 
rection of the nuclear spin alignment, as was observed 
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FIG. 1. (a) Magnetic field dependence of exciton PL ener- 
gies (symbols), lines show fitting, (b) PL spectra of the ex- 
citon in a neutral quantum dot detected in a^ ( ■) and a~ 
(O) polarizations under a^ (top) and a~ (bottom) excita- 
tion with photon energy 1.88 eV at £2=6.0 T. (c) Energy di- 
agram of exciton and biexciton states in high magnetic field 
B^ > Bf ^ 2.2 T. Heavy holes 1>(JJ.) and electrons t(4-) with 
spin parallel (antiparallel) to external field form optically al- 
lowed (-(^J,, 4t) and "dark" (fl-t, -IJ-4.) excitons with total spin 
Jz = ±1 and ±2 respectively. Thick arrows show circularly 
polarized recombination of biexciton and "bright" excitons, 
thin arrows correspond to weak recombination of " dark" exci- 
ton states. Zigzag lines show electon-nuclear (e—N) spin-flips 
induced by the hyperflne interaction. 



previously [mtM, ISl- In this regime DNP is determined 
by optical orientation of electrons in excited states in the 
dot or in the wetting layer. 

The experiments were performed on an undoped 
InP/GalnP sample without electric gates. PL of neu- 
tral InP QDs was measured at T = 4.2 K, in external 
magnetic field B^ up to 8 T normal to the sample sur- 
face. QD PL at ~1.84 eV was excited with a laser ei- 
ther below {Eexc='i^-8S eV) or above {Eexc^'2.28 eV) the 
GalnP barrier band-gap and analyzed with aim double 
spectrometer and a CCD. 

In a neutral dot electrons t(i) and heavy holes iKJJ.) 
with spin parallel (antiparallel) to the growth axis Oz can 
form either optically- forbidden ("dark") excitons Ifft) 



(|4i)) with spin projection J^ = +2(— 2), or "bright" ex- 
citons \-fil) (l-Ht)) with J^ = +1(-1) optically allowed in 
(T+(cr^) polarization. The electron- hole (e — h) exchange 
interaction splits off "dark" excitons by the energy Sq. 
An additional splitting 6b{5d) of the bright(dark) exci- 
ton doublet is caused by the reduced symmetry of the 
QD potential [l|, |ll|. QD axis misorientation or sym- 
metry reduction may lead to weak mixing of "bright" 
and "dark" states allowing observation of the latter in 
PL 111, [fj]. Below we denote mixed exciton states 
with spin projections Jz w ±2,±1 as |±2), |±1) dis- 
tinguishing them from "pure" excitons l-IJ-t): ItTDj ItTt) 
and l-IJ-i)- PL energies of bright (dark) excitons i?b(d) 
measured as functions of Bz in a single neutral dot with 
So ~ 200 neV, Sb(d) ~ 65(0) ^eV are shown in Fig. [1] (a) 
with triangles (circles). Fitting of the Ei,(^d){Bz) depen- 
dences [lines in Figllja)] allows electron (hole) g-factor 
q^) ~ +1.6(+2.7) to be extracted (see appendix in Ref. 
(12| for more details on QD characterization). 

At high Bz exceeding both the effective exchange field 
Sb/iHB\9h - ge\) ~l T and the field B"/ «2.2 T, where 
|-|-1) and I -1-2) states cross, PL originating from all four 
exciton states can be resolved as shown in Fig. [1] (b) 
where PL spectra detected in (T+ (c^) polarization at 
-6^=6.0 T under cr~^ and a~ polarized excitation are 
shown by the thin (thick) lines. The energy level struc- 
ture of all exciton states as well as the biexciton |ltJ|ti) 
at Bz > Bf is shown in Fig. [T] (c) along with possible 
optical transitions. 

Fig. [2] shows PL intensities I^^ (left scale) of all four 
exciton transitions and the total biexciton intensity at 
52=6.0 T as functions of optical power Pexc of cr"*" and a^ 
polarized excitation with photon energy Eexc = 1-88 eV. 
Due to their small oscillator strengths saturation of dark 
excitons is observed at Pexc ~ 1 mW, whereas bright 
excitons and biexcitons saturate at much higher powers 
of 20 /zW and 40 /iW, respectively. 

The net nuclear field Bm along Oz acting via the 
HI shifts exciton states with electron spin '\{\.) by 
+IJ-BgeBN/2 {—^BgeB]\[/2). This allows measurement 
of Bn at Bz > Bf from the spectral splitting 
Ai5|_|_i)j_i) = i?|+i)— i?|_i) of the bright exciton doublet: 
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that we deduce 



the bright exciton splitting at -Btv 
from pump-probe measurements where the sample is kept 
in the dark for a sufficiently long time to allow nuclear 
spins to relax (>200 s) [1^. Fig. [2]shows the dependence 
of AE'i+i) |_i) and the corresponding value of Bjq (right 
scale) on the intensity Pexc of circularly polarized light at 
Bz=Q.Q T. Results for (T+ (f") excitation plotted with 
open (solid) symbols show the variation of AiJn 2),|-i) 
with Pexci and demonstrate the occurrence of nuclear 
spin pumping. 

As can be inferred from FiglJl there are two distinct 
regimes in the DNP. At low excitation power {Pexc < 
10 /xW) positive Bn > is induced for both a~^ and 
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FIG. 2. Results of PL power dependence in a neutral dot at 
Bz=G T under a'^ (open symbols) and a~ (solid symbols) 
excitation with photon energy 1.88 eV. PL intensities (left 
scale) for all four exciton states and for the total intensity of 
biexciton emission are plotted. Spectral splitting (right scale) 
of the two optically-allowed exciton states (S|+i) — ^|-i)) is 
shown with diamonds. Lines show fitting obtained using the 
model presented in text. Additional scale on the right shows 
nuclear field Bm on the dot deduced from the splitting. 



a^ polarized excitation. By contrast, at high powers 
{Pexc > 10 mW) a^'^"^ excitation results in Bm < 
{Bn > 0), similar to previous reports [l|-H, Q. We 
note however that such direct correspondence between 
the helicity of the excitation and direction of nuclear 
spin polarization is only observed in the regime of sat- 
uration and suppression of the exciton and biexciton PL 
which is accompanied by the occurrence of broad back- 
ground emission in the PL spectrum. We thus conclude 
that the build-up of \Bjsf\ observed in this regime can- 
not originate from the HI with the ground state excitons 
in the QD. The most likely source of DNP in this case 
is the HI of the nuclei with the spin polarized electrons 
in the excited shells of the dot or in the wetting layer. 
This is further confirmed in an experiment with above 
GalnP barrier band-gap excitation: for a laser with pho- 
ton energy Eexc — 2.28 eV high power DNP is suppressed 
almost completely, as electrons lose their spin polariza- 
tion during energy relaxation. By contrast, the unusual 
polarization-insensitive DNP observed in the low power 
regime remains effective under this condition: indepen- 
dently of light polarization it leads to B^ « -fO.2 T, 
similar to the case of Eexc — 1-88 eV. 

As we show in more detail in the model presented be- 
low, these observations allow us to conclude that in the 



wide range of powers P^xc < 10 ^W DNP is induced 
by virtual flips of the |+2) dark exciton into the inter- 
mediate 1+1) state followed by recombination. This sec- 
ond order process dominates due to the asymmetry of 
the exciton spectrum seen in Fig.l: the energy splitting 
between |-|-2) and |-|-1) is significantly smaller than for 
|— 2) and | — 1) (see detailed explanation below). This 
results in Bjsj > for both a+ and a~ polarized excita- 
tion despite considerable differences in the exciton pop- 
ulations with t and J, electrons. The interplay between 
processes responsible for nuclear spin pumping and depo- 
larization results in the previously unobserved strongly 
non-monotonic power-dependence of Bn in Fig. 2. The 
model presented below explains this behavior, and de- 
scribes the underlying mechanisms quantitatively. 

Transfer of spin polarization from the exciton to the 
nuclear system requires e — N spin-flip that transforms 
a bright exciton into dark or vice versa [zigzag lines in 
Fig. [11(c)]. The energy splittings between exciton states 
(~100 ^eV) significantly exceed the nuclear spin level 
separation (~0.1 /xeV) thus raising the problem of energy 
conservation [ij]. The energy mismatch can be com- 
pensated by the photon emitted during recombination 
[l|, la, llO| in a second-order process. For example, if the 
QD contains a |-|-2) "dark" exciton it can make a virtual 
fiip into the |-l-l) state increasing nuclear spin polariza- 
tion by +1 [zigzag line Fig. [T] (c)]. At the second stage 
the "bright" |-|-1) exciton recombines with emission of a 
(7+ photon [thick solid arrow in Fig. [ijc)]. Such pro- 
cesses which change nuclear spin polarization by +1(— 1) 
can start from |-|-2) or | — 1) (|-l-l) or |— 2)) states [see 
Fig. HJc)]. For each initial state only one intermediate 
state (with the same hole and opposite electron spin) is 
possible. Spin fiips are governed by the off-diagonal ma- 
trix element V^f = {n\ Hhf lU) = (4tl Hhf \U) of the 
hyperfine Hamiltonian Hhf which is proportional to the 
in-plane component of the fiuctuating nuclear field |15| 
and can be estimated as iVhfl ~ ^hf / C^VN) ~ 1 A^eV 
, where Ahf «230 fxeV [igl is the electron spin splitting 
corresponding to fully polarized nuclear spins in the QD, 
and N^W^^IO^ is the number of nuclei in the dot. 

As PL peaks corresponding to J^ « 4-2(— 2) dark exci- 
tons are mainly a'^{cr~) polarized the wave- functions of 
mixed states can be approximated as: 

i±2) = c+ m) + s+ \u) [c- \u) + s- \m, 

|±i) = c+ 1^;) - ,5+ i^t) [c-|^t)--s-l^;)], (1) 

with mixing parameters c±=cos0±, s±—sm(f>± ((?!)±<Cl). 
The nuclear spin pumping rate is proportional to (i) 
the magnitude of the hyperfine mixing between the ini- 
tial and intermediate states which is proportional to Vj^r 
and inversely proportional to the square of the energy 
splitting between them, (ii) the recombination rate of 
the intermediate exciton state cos^ 4>±/Tr (sin (f>±/Tr) for 
|±1) (|±2)) and (iii) the probability p; to find the dot in 
the initial state i. The total spin pumping rate Wpump is 



a sum of the individual rates for all four possible initial 
states and can be calculated using wavefunctions from 
EqUlas: 
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where A£:|+2),|+i) = (-£^1+2) - E\+i) 
{E\-i) — E^_2))- The Pi are proportional to if^, the PL 
intensities plotted in Fig. [21 and inversely proportional 
to the photon emission rate: 
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where the normalization constant Iq corresponds to the 
detected PL intensity per one photon emitted by the dot. 
For the splittings AE < 400 /leV and t^ w 1 ns we can 
estimate Wpump ^ 10* s"^ from Eq[21 For an alternative 
scenario involving phonon-mediated transitions between 
the "dark" and "bright" states the rate is below 10^ s~^ 
17| under similar conditions and can be neglected. It 
also follows from Eq(2] that the dark excitons play the 
major role in DNP. This is not only a result of their in- 
creased population at low Pexc [IJ, [l8| , but also a result 
of the high recombination rate t~^ cos^ (f)± of the inter- 
mediate "bright" states. According to Eq[5| |-|-2) and 
|— 2) excitons contribute to Wpump with opposite signs. 
However, for small Pexc — 50 nW at B^ — 6.0 T we de- 
tect Bn ~+0.13 and -1-0.21 T corresponding to «5% and 
10% nuclear spin polarization for cr+ and a^ excitation 
respectively. This is observed despite the substantial de- 
crease (increase) of |-|-2)(|— 2)) population when the laser 
polarization is changed from a^ to a'^: p\+2)/p\-2} is 
«2.6 times smaller for cr+ excitation [see Fig[ljb)]. This 
indicates that DNP induced by the |-|-2) exciton is more 
efficient, which is explained by smaller energy splitting 
between the initial and intermediate states for the |-f2) 



exciton: AE?,^) 1,1) 



AEf 



-2) 



/4.5 [see Fig[2a)]. 



Nuclear spin depolarization induced by optical pump- 
ing can result from fluctuations of the electron Knight 
field [l| or electric field gradients interacting with nu- 
clear quadrupole moments [13]. In our model we as- 
sume that recombination or capture of an exciton can 
result in simultaneous flip of a nucleus with probabil- 
ity R. In the low power regime {Pexc < 10 /iW) the 
capture/recombination rate is proportional to the total 
PL intensity of all exciton and bicxciton transitions if^^ . 
Thus the optically induced depolarization rate can be 
approximated as: 

wTp = 2i? X (/,^f //o) X U,B9eBN/Ahf), (4) 

where Iq is the same normalization constant as in Eq[31 
and the factor of 2 arises from spin relaxation during 
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FIG. 3. Magnetic field dependence of the maximum nuclear 
field Bn induced at low power {Pexc < 10 fiW) of a^ (Q) 
and a~ ( ■) polarized excitation with photon energy Eexc ~ 
1.88 eV. 



capture and recombination. The non-optically induced 
relaxation rate (e. g. due to nuclear spin diffusion or 
coupling with phonons) can be approximated as 



.dark _ -1 
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X {Sp + Sln)/2 XNX (l^lBgeBN/Ahfl^) 



w 200 s is the 
= 6 T ^. 

,/,°P* -|_ n.jdark 



where Sp = 1/2, 5/„ = 9/2, and Tdark 
nuclear spin decay time in the dark at B^ 

In the steady-state condition Wpump = <^dep ~^ ^dep 
Using Eq. (|2l3l4l5p we can explicitly express B^r as a 
function of the PL intensities I^^ measured in exper- 
iment. We note that when if^^ reaches its maximum 
value the dot is saturated, which means that the sum 
of the probability to find the dot in the biexciton state 
P\xx) = {I\x'x)/^o) X Tr/2 and aU probabilities in Eq. [3] 
is w 1. This gives an additional relation that allows to 
eliminate Iq from the final expression for B^. 

The calculated dependence BN{Pexc) for a^^^' po- 
larized excitation is shown with a dashed (solid) line 
in Figl2] The following magnitudes of the fitting 
parameters were obtained: iJwl-lO"'^, mixing factors 



ilA-lQ--^, sin^ 



d.0-10-2 ndNwl.l-lO^. We 



also used Tj.=1 ns. The calculated curves are in good 
agreement with the experimental results for Pexc < 
10 fiW. In particular the non-monotonic character 
in the low-power regime (with the Bn maximum at 
Pexc ~50 nW and depolarization towards Pexc ~ 1 nW 
and Pexc ~ 10 mW) is well reproduced and can now be 
explained as follows: At low powers Pexc ~ 1 nW, the 
rate Wpump is very small due to low exciton occupancy 
and non-optically induced relaxation with the rate w'^'Z,^ 
(see Eq[S]) dominates, wj^l^'' remains constant with in- 
creasing Pexcj whereas the exciton occupancy increases 
leading to higher Wpump, and as a result a higher degree 
of nuclear polarization. At Pexc > 50 nW, the population 
of dark states gradually saturates leading to saturation of 
Wpump- On the other hand, the rate of optically induced 
depolarization (see Eq]?]) increases linearly with power in 
a wide range of Pexc^ and as a result nuclear polarization 
decreases. 

Finally we consider the dependence of the maximum 
Bff induced in the low power regime as a function of 



Bz > B^^ shown in Fig[3]for both helicities of below the 
GalnP barrier excitation. Both curves have flat max- 
ima at Sz « 5 T. For higher fields, Bn decreases with 
Bz- This is consistent with the photon-assisted DNP in- 
terpretation due to the vanishing difference between the 

splittings A£;|^^2>,|+i> ~ ^-E^|li),|-2>- 

It can also be seen from Figl3] that B^ is signifi- 
cantly reduced when Bz approaches the crossing field 
BJ'' « 2.2 T. This is a result of reduction of the Wpump 
rate (Eq. [2]) due to anticrossing 11] of the |-|-2) and 
|-|-1) states, which originates from low-symmetry e — h 
exchange interaction. It leads to a minimum splitting 
between the two corresponding PL lines i5|^c~ 20 ^eV 
at Bz = B'z^ . In experiment the anticrossing manifests 
itself as a significant increase of the |4-2) PL intensity 
as it gains oscillator strength from the |-|-1) state. The 
suppression of Wpump takes place in the vicinity of i?^'^ 
over a field range equal to several times the value of 
Sexc/ifJ-Bge)- Anticrossiug acts in several ways: (i) by 
setting the lower limit on AE^_^.2)^\+i)=Sexc (see Eql2), 
(ii) by reducing electron spin projections due to the non- 
hyperfine mixing of |-|-2) and |-|-1) states (corresponding 
to 0+=7r/4 in EqlT] at Bz = Bf), and (iii) by reducing 
the population of the |-|-2) state due to increased emis- 
sion probability. We thus conclude that DNP insensitive 
to light polarization should be enhanced for symmetric 
quantum dots where 5exc ~ 0- 

In conclusion, we have demonstrated optical pumping 
of nuclear spins weakly dependent on the wavelength and 
polarization of the low intensity light. The phenomena 
have been shown to originate from intrinsic asymmetry 
in the energy spectrum of the excitonic energy levels. We 
note that this process may lead to self-polarization - the 
optically induced spontaneous alignment of nuclear spins 
in the limit of vanishing external field Bz ~ predicted 
for neutral quantum dots in Ref. [18|. 
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